Purpose The function of the medial collateral ligament (MCL) during gait has not been investigated. Our objective was to measure the kinematics of the medial collateral ligament during the stance phase of gait on a treadmill using a combined dual fluoroscopic imaging system (DFIS) and MRI technique. Methods Three-dimensional models of the knee were constructed using magnetic resonance images of 7 healthy human knees. The contours of insertion areas of the superficial MCL (sMCL) and deep MCL (dMCL) on the femur and tibia were constructed using the coronal plane MR images of each knee. Both the sMCL and the dMCL were separated into 3 portions: the anterior, mid, and posterior bundles. The relative elongation of the bundles was calculated using the bundle length at heel strike (or 0% of the stance phase) as a reference. Results The lengths of the anterior bundles were positively correlated with the knee flexion angle. The midbundles of the sMCL and dMCL were found to function similarly in trend with the anterior bundles during the stance phase of the gait and their lengths had weak correlations with the knee flexion angles. The elongations of the posterior bundles of sMCL and dMCL were peaked at midstance and terminal extension/pre-swing stance phase. The lengths of the posterior bundles were negatively correlated with the knee flexion during the stance phase.
Introduction
The medial collateral ligament (MCL) has two components: the longitudinal fibers of the superficial MCL (sMCL) and the deep MCL (dMCL) [8, 16] . Knowledge of the MCL function is important for prevention and treatment of the MCL injury as well as soft tissue balance in total knee arthroplasty (TKA). The biomechanical function of the MCL was well documented in in vitro cadaveric and clinical studies [4, 5, 12-14, 18, 25, 28, 29, 34] . Most biomechanical assessments of the function of the MCL have been performed by cutting selected ligament bundles [11, 20, 33] .
However, the MCL function during in vivo dynamic knee motion has not been well studied. Understanding the role of the MCL under physiological loading conditions is important for improving the techniques of MCL repair and reconstruction surgeries. A few in vivo studies measured the length changes of the human MCL during quasi-static knee flexions [21, 30] . For example, Park et al. reported that the length changes of the MCL depend on the knee flexion angles during the single leg lunge [21] and Van de Velde et al. found that the ACL deficiency can affect the length changes of the sMCL and dMCL from 0 to 90°during in vivo weight bearing flexion [30] .
Walking is the most commonly performed daily activity of humans. However, to our knowledge, there is no quantitative data reported on the biomechanical function of the MCL during walking. Recently, a combined dual fluoroscopic imaging system (DFIS) and MR imaging technique was used to determine the human knee kinematics during gait [17] . The purpose of the present study was to investigate the length change patterns of the MCL during the stance phase of the treadmill gait. Based on the current knowledge of the MCL biomechanics, we hypothesize that different portions of the MCL, namely the anterior and posterior bundles of the sMCL and dMCL, will demonstrate reciprocal elongation patterns during the stance phase of gait.
Materials and methods
Seven subjects (aged 32-49 years, two women and five men), with average body mass index (BMI) of 23.5 kg/m 2 , without previous knee injury, surgery, and systemic disease were recruited and consented for the study according to the requirements of the Institutional Review Board. Each participant had one knee scanned (two right and five left) at full extension using a 3-Tesla scanner (MAGNETOM Trio Ò , Siemens, Erlangen, Germany) and a double-echo water excitation sequence. This way, parallel, sagittal MR images were taken that were then imported into a modeling software (Rhinoceros Ò , Robert McNeel & Associates, Seattle, WA), placed in parallel, sagittal planes separated by 1 mm, and the contours of the femur and tibia were manually digitized to construct the 3-dimensional (3D) computer models of the knee.
Next, the dual fluoroscopic imaging system (DFIS) previously validated for treadmill gait analysis was used to determine knee kinematics during the stance phase of gait [17, 19] . The subject practiced the gait on the treadmill for 1 min at a treadmill speed of 1.5 miles per hour (MPH), i.e. 0.67 m/s. Two thin pressure sensors (Force Sensor Resistor (FSR), Interlink Electronics Specifications, Camarillo, CA) were fixed to the bottom of each shoe, to determine the moment between heel strike and toe-off of the stance phase during gait. The knee was imaged during three consecutive strides using 30 pulsed snap shots per second (8 ms/pulse). The stance phase was divided into four portions: Loading response (LR): 0-20%; Mid-stance (MS) phase: 20-60%; Terminal extension (TE): 60-85%; Pre-swing phase (PS): 85-100%.
Finally, the fluoroscopic images were imported into the modeling software [17] . The 3D MRI-based bone models of the knee were imported into the software and manipulated in 6°of freedom until the projections of each model matched the outline of the knee on each fluoroscopic image, reproducing the position of the knee during gait. This process was repeated at each 10% progress of the stance phase from heel strike to toe-off. sMCL and dMCL kinematics Using MR images of each knee, the attachment sites of the sMCL and dMCL were digitized on the sagittal MR images [21] (Fig. 1) . The insertion areas of each ligament were evenly divided into 3 equal portions to create 3 equal fiber bundles: the anterior bundle, the mid-bundle, and the posterior bundle. The length of each bundle was measured as the distances between the centroids of the femoral and tibial insertions of the bundle from the series of matched knee models. Because the sMCL ligament wraps around the femoral condyles and the tibial plateau, the line connecting the bundle centroids on the femur and tibia was projected on the bony surfaces to create a curved line (Fig. 1 ). The length of this projected curve was measured as the ligament bundle length [21] . To examine the relative length change of the ligament, the relative elongation of a bundle was calculated using its length at heel strike as a reference. A repeated measure ANOVA and the Student-NewmanKuels test were used to detect statistically significant differences between bundle lengths and elongations at the 0, 20, 60 and 100% stance. Differences were considered statistically significant when P \ .05. The relationship between the relative elongations of the MCL bundles and the flexion-extension were evaluated by regression analysis.
Results

Superficial medial collateral ligament
From heel strike to 20% stance, the average length of anterior bundle increased slightly from 86.6 ± 9.8 mm (mean ± SD) to 87.4 ± 9.6 mm ( Table 1 ) with a relative elongation of 1% (Fig. 2a) . Thereafter, it decreased slightly at 60% of the stance phase and increased again to a second peak at toe-off when it was measured 90.5 ± 9.2 mm, representing the largest increase of 4.6% relative to its length at heel strike (P \ 0.05). The elongation of the anterior bundle of sMCL was correlated positively with the knee flexion angle (R 2 = 0.33, P \ 0.01) (Fig. 3a) . There was neither a statistically significant change in length of the middle bundle of the sMCL at all studied time-points of the stance phase (Fig. 2b) , nor a significant correlation between the elongation of the mid-bundle and the knee flexion angle (R 2 = 0.03) (Fig. 3b ). On average, the posterior bundle remained relatively unchanged from 103.4 ± 11.1 mm to 102.4 ± 9.7 mm at heel strike to 20% of the gait cycle (Table 1 ) with a decrease of -0.8% in relative elongation (Fig. 2c) . The length at pre-swing phase was significantly decreased (P \ 0.05) with a decrease of 2.4% relative to its length at full extension. The elongation of the posterior bundle of sMCL was negatively correlated with the flexion (R 2 = 0.31, P \ 0.001) (Fig. 3c ).
Deep medial collateral ligament
From heel strike to 20% stance, the length of anterior bundle increased slightly from 41.5 ± 3.9 mm to 42.5 ± 3.6 mm (Table 1 ) with an increase of 2.5% in relative elongation (Fig. 4a) . Thereafter, it decreased slightly to 41.1 ± 3.8 mm at 60% of the stance phase and increased to a second peak at toe-off when it was measured 45.1 ± 4.3 mm, which was significantly different from the length measured at all other intervals of the stance phase (P \ 0.05), representing an increase of 8.8% relative elongation compared to its length at heel strike of the knee. The elongation of the anterior dMCL was positively correlated with the knee flexion angle (R 2 = 0.49, P \ 0.01) (Fig. 5a) .
The middle portion of the sMCL slightly increased from 41.9 ± 4.2 mm to 42.8 ± 3.8 mm from heel strike to 20% stance (Table 1) , representing a relative elongation of 2.3% (Fig. 4b) . Thereafter, it deceased to 41.7 ± 3.6 mm at 60% of the stance phase and increased to 43.5 ± 2.9 mm, at toe-off, representing a 4.1% increase in length (P \ 0.05). The elongation of the mid-portion of the dMCL was significantly correlated with the knee flexion during the stance phase of gait (R 2 = 0.17, P \ 0.01) (Fig. 5b) . The posterior portion decreased slightly in length (1.4%) from 42.8 ± 3.0 mm to 42.2 ± 3.5 mm (Table 1; Fig. 4c ). Thereafter, it increased to 43.0 ± 3.4 mm at 60% of stance and decreased to a second peak at toe-off when it was measured 40.3 ± 3.1 mm, representing a 5.8% reduction in length compared to that at heel strike (P \ 0.05). The elongation of the posterior portion of the dMCL was negatively correlated with the knee flexion angle (R 2 = 0.25, P \ 0.01) (Fig. 5c ).
Discussion
The most important finding of this study was that the anterior and posterior portions of the sMCL and dMCL were demonstrated to have a reciprocal function during the stance phase of gait. Overall, the anterior portions had increased lengths with flexion while the posterior portions had increased lengths with extension. The lengths of the mid-portions were relatively constant during the entire stance phase.
A few studies investigated the biomechanical function of the MCL during in vivo dynamic activities of the knee [21, 30] . Park et al. measured the length patterns of the sMCL and dMCL portions and found that the anterior and posterior portions of the sMCL and dMCL function in a reciprocal fashion and their lengths depend on the knee flexion angles [21] . In a computer simulation of human gait, Shelburne et al. [27] found that the superficial MCL forces decreased with knee flexion during the stance phase of the simulated gait. These data were consistent with the Single portion reconstruction of the MCL has been reported in various studies [1, 18, 32, 35] . Several studies have also proposed double portion reconstruction techniques [3, 7] . Due to the reciprocal function of the MCL portions, a single portion reconstruction may not fully reproduce the MCL function during walking or flexion/extension of the knee. Double portion reconstruction that is aimed to reproduce the anterior and posterior portions of the MCL may better restore the complicated function of the MCL. Recently, Borden et al. [3] reported a double portion reconstruction technique that was attempted to restore the anterior and posterior portion function of sMCL in patient with isolated MCL or combined ACL-MCL injuries in both the acute and the chronic settings. The anterior portion was suggested to be secured at 30°and the posterior portion at 60°. However, according to the data of in vivo MCL functions obtained in this study and previous reports [21, 30] , the posterior portion may need to be fixed at a lower flexion angle since it elongates more at low flexion angles; and the anterior portion fixed at a higher flexion angle since it elongates more as flexion angle increases, similar to those adopted in double portion ACL reconstruction [9, 26] . A biomechanical test should be carried out in future to examine the effect of flexion angles of graft portion fixations in a double portion MCL reconstruction. The dMCL has been studied to a much smaller extent when compared to the sMCL [10, 15, 22, 24, 25, 29] . The dMCL is also connected to the medial meniscus. Injuries to the dMACL were not reported as often as the sMCL [15] . The dMCL is usually resected during total knee arthroplasty surgeries [6, 23, 31] . Currently, the in vivo biomechanical function of the dMCL is still unclear. This data indicated that the dMCL has a complicated function during walking. Future studies are necessary to investigate the effect of individual portions of the dMCL on knee joint kinematics.
Several limitations of this study should be noted. The sample size was relatively small. A complete gait cycle consists of the stance and swing periods. Due to the size limitation of the fluoroscopy, we only studied the stance phase of gait, not including the swing phase. Furthermore, only one cycle was studied for each subject at a relatively slow walking speed (0.67 m/s) in order to minimize their radiation exposure. We studied the length change of the MCL. The strain or forces of the MCL were not studied. Nonetheless, we believed that the findings of this paper should provide new insight into the study of the MCL during walking. Further research is required to fully understand the functional role of the MCL during the dynamic activities such as the running and stair climbing. 
Conclusion
This study investigated the in vivo kinematics of the sMCL and dMCL during the stance phase of gait using a noninvasive imaging technique. The data of this study demonstrated that the anterior and posterior bundles of the sMCL and dMCL have a reciprocal function during the stance phase of gait. These data may have useful implications to propose effective surgical reconstructive techniques of MCL injury that can restore normal knee kinematics and as well as for the surgical release of the MCL during TKA.
